PROGRESS TO DATE

Technical achievements
The general objective of this project is the investigation of phase equilibria for complex fluids using a novel methodology, Monte Carlo simulation in the Gibbs ensemble. The methodology enables the direct determination of the properties of two coexisting fluid phases (e.g. a liquid at equilibrium with its vapor) from a single computer experiment, and is applicable to multicomponent systems with arbitrary equilibrium constraints imposed. The specific goals of this work are to adapt the Gibbs technique to (a) highly asymmetric mixtures with large differences in size and potential energies of interaction (b) chain molecules and (c) ionic systems. Significant progress has been made in ali three areas. In the following paragraphs, we will briefly describe the progress made in each area, using the same numbering scheme for the tasks as in the original proposal.
a. Task L Highly Asymmetric Systems
Highly asymmetric mixtures have components that differ greatly in size or' strength of attractive interactions. They are common in industrial practice, and very often it is precisely the large degree of asymmetry that makes a specific separation process work (for example, supercritical fluid extraction processes). Few results for the chemical potential and excess thermodynamic properties of asymmetric mixtures exist x'2and the asymmetry of model systems studied covers a fairly narro_,•range of size ratios. However, it is precisely for these systems that the disagreement between exact simulation results and current theories of mixtures is most pronounced. The discrepancies in the excess thermodynamic properties grow rapidly with increasing asymmetry of the mixtures.
The original version of the Gibbs methodology for molecular simulation of phase equilibria 3 is not efficient when applied to the calculation of phase equilibria of highly asymmetric mixtures, because the probability of transfer of molecules with large size can become prohibitively low. The solution to this problem was a modification to the Gibbs methodology that is based on panicle identity exchange. With particle identity exchange, we can successfully perform calculations of phase diagrams for mixtures of spherically symmetric components that differ in size by a factor of at least eight. i K.S. Shing and K.E. Gubbins, "The chemical potential in non-ideal liquid mixtures. Computer simulation and theory", Molec. Phys. 49, 1121 Phys. 49, -1138 Phys. 49, (1983 Our studies focused on two distinct aspects of the behavior of highly asymmetric mixtures. The first question we addressed was the behavior of mixtures as they approach the point of liquid-liquid immiscibility. The results, described in reference A.1 (section 1.2) indicate that a reduction of the strength of unlike-pair interactions below 75% of their geometric-mean value leads to liquid-liquid demixing. The simulation results are well described by a statistical-mechanical virial equation of state 4.
In a second study, we performed a , , systematic investigation of the phase be-0,05
havior of mixtures of Lennard-Jones partio.o4 cles in which the unlike-pair interactions are described by conventional Lorentz-003 Berthelot combining rules. The range of hoo2 parameters covered was energy ratios of up to two, and volume ratio up to eight, o.o_"-"_'_--_=--,;. Many systems of industrial importance contain molecules that are far from being spherical in shape. A useful approximation for the molecular-level description of such molecules is to consider them as composed of a number of segments, or functional groups. The available techniques for modelling the thermodynamic properties of such materials are primarily excess Gibbs energy or equation-of-state methods 5, or, at the limit of very long molecules, expressions that take into account the entropy-of-mixing effects for long chains (Flory-Huggins theory). No fully satisfactory theoretical or simulation-based techniques are available for molecules that belong to this class. However, it is precisely for such systems that the development of improved theoretical techniques would have the most significant practical impact. Recent simulation work on phase equilibria of lattice-based polymer/-solvent systems6 covers primarily the liquid branch of the coexistence envelope away from the critical point.
Two new developments are presently pursued in our group. "lNefirst is the extension of the Gibbs methodology to lattice systems. The primary difficulty in applying the Gibbs technique to lattice systems is the need for mechanical equilibration via changes in the volume of the coexisting regions. In continuous systems, these changes can be performed gradually with only minimal excursions away from local equilibrium. For lattice systems, only changes that correspond to a full lattice layer (in three dimensions) are possible for systems with periodic boundary conditions. We are presently exploring several possible remedies of this difficulty. For example, elimination of the requirement for periodic boundary conditions may lead to only minor disturbances to the equilibrium state of the system while permitting gradual (and thus efficient) changes in density of the two regions. We expect that results from our simulations will significantly aid in discriminating among conflicting predictions of polymer solution theories as to the location of coexistence curves in polymer systems7.
The second development in this area is a new methodology for the calculation of chemical potentials (and by a simple extension to a Gibbs_-type methodology, of phase s J.M. Prausnitz, R.N. Lichtenthaler and E.G. de Azevedo, Molecular thermodynamics of fluid-phase equilibria, Prentice-Hall (1986) . diagrams) for long polymers' For small molecules, the most successful approach to the calculation of chemical potentials is via Widom's formulaS:
where _e_ is the excess chemical potential of a component and Ut,t is the "test particle" energy experienced by a particle randomly placed in the solution of interest. This approach fails for polymers because the low-energy configurations that contribute significantly to the ensemble average for the chemical potential are extremely rare. Grand-canonical or Gibbsensemble Monte Carlo simulations that also rely on particle insertions for imposing or equilibrating chemical potentials fail for polymers for essentially the same reason -it is exceedingly difficult to randomly place a polymer molecule in a dense solution with no overlaps with existing molecules. Our new approach is based on abandoning the point of view of the full polymer molecule, and instead concentrating on the segments of which it is composed. We thus employ Widom's equation for calculating chemical potentials of single segments belonging to a long polymeric molecule. At the limit of long chains, the chemical potential per segment is essentially constant, and the chemical potential of the full polymer can be recovered. We have already demonstrated that this technique is practical for long polymers, and are presently in the process of preparing a publication with our results (reference A.4 in section 1.2).
c. Task IlL Ionic Systems
Electrolyte solutions are common in industrial practice, including the rapidly growing biotechnology industry. Common types of equilibria encountered are between a liquid and a gas phase (gas scrubbing, salting out, distillation), or two liquids (extraction of metals in hydrometallurgy).
Molten salts are used in the production of metals by electrochemical methods.
Commonly used methods for handling ionic equilibria include first-order approximations such as the Debye-Hfickel theory modified to take into account solution nonidealities. These models are successful only at the expense of introduction of a number of adjustable parameters fitted to experimental data. The problems are especially severe for higher ionic strengths. Dense ionic systems, such as molten salts are beyond the capabilities of this approach. Theoretically based techniques, such as perturbation theories and integral equation methods, have been successful in describing the thermodynamics and structure of ionic systems for certain cases, but generally app!icable theoretical techniques are not yet available.
A significant effort during the present budget period has been devoted to development of appropriate methodologies for the calculation of equilibria in ionic systems. Two primary problems, the handling of long-range coulombic forces and the question of s B. Widom, "Some Topics in the Theory of Fluids", J. Chem. Phys., 39, 2808 Phys., 39, -12 (1963 . i '_ .... electroneutrality during the transfer steps were successfully resolved. After extensive tests of many alternatives, it was concluded that it is necessary to use a full summation for an infinite periodic system of the long-range forces (Ewald sum) to achieve results that are physically reasonable and approximately independent of simulation system size. In previous simulations of chemical potentials for electrolyte systems 9,the electroneutrality requirement imposed the need for simultaneous insertions of pairs of ions. At low temperatures and high densities, which is the regime of interest for phase equilibrium calculations, this approach becomes impractical, lt was determined that a simple temporary relaxation of the requirement for electroneutrality during attempted transfers of particles in Gibbs-ensemble simulations leads to correct results. 
Results of our
2.
A.Z. Panagiotopoulos, "Phase equilibria of charged hard sphere fluids from Gibbsensemble simulations", to be submitted to J. Chem. Phys. 
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His thesis topic is molecular simulation studies of bilayers and their interactions with proteins. Mr. Mackie is presently st_,dying the phase behavior of model multisegment surfactant molecules composed of a number of hydrophilic and hydrophobic residues. In the coming budget period, he will be supported at a 50% level by funds from the present project.
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PLAN FOR THE NEXT BUDGET PERIOD
Technical Overv_ew
Our activities in the coming budget period will continue to focus on the three main tasks outlined in the original proposal. While we have made significant progress in ali areas, the first budget period was primarily one of personnel training and computer program development, with the bulk of our results expected in the second and third budget periods. Specific plans for the three main tasks are outlined in the paragraphs that follow. Anticipated personnel and equipment needs are presented in subsequent sections.
a. Task L Highly Asymmetric Systems
This task is close to completion, with all method development and computer programming activities essentially finished. We also have results available for a number of model systems that cover a wide range of size and energy parameter ratios. The main conclusion from our work to date has been that simple solution theories have a much greater range of applicability to predictions of phase equilibria of asynunetric systems than previously thought. We have not yet established firm limits as to how different the components need to be before present solution theories start breaking down. Establishing these limits for size/energy asymmetry will be the subject of detailed study in ;he forthcoming budget period.
b. Task II. Multisegment and Chain Molecules
The novel technique for calculation of chemical potentials for chain molecules that was described in section 1.1 will form the basis for calculations in the coming budget period of equilibria in model and realistic systems with chain molecules.
Systems to be studied include:
(a) Lgng-chain polymers for which a flexible model is appropriate. A particularly attractive model is a flexible chain with excluded volume interactions and a harmonic bond potential. The reason the harmonic bond potential is preferred over a model with fixed bond lengths is that the discontinuities in the potential imposed by fixed bond lengths make it difficult to obtain mechanical quantities (such as pressure), or perform volume changes in the mechanical equilibration step of the Gibbs technique. Monte Carlo and theoretical calculations for a similar model are available x°and can be used to validate the Gibbs simulations. Previous Monte Carlo results for model systems of this type have facilitated the development of improved theoretical 10 j. Gao and J.H. Weiner, "Contribution of covalent bond force to pressure in polymer melts", J. Chem. Phys., 91, 3168-73 (1989) .
techniques for describing the free energy for polymeric systemsn. The Gibbs simulation results should further contribute towards this goal.
(b) For closely approximating real multisegment fluids, realistic potentials that include torsional potentials for rotation around single bonds lawill be utilized.
(c) Multisegrnent surfactant molecules composed of a number of hydrophobic and hydrophilic residues. Studies of such systems are relevent to the development of new separation methods using organized solution microstructures (normal or reverse micelles) and are also important in understanding interactions involving cell surfaces.
An additional possibility for application of the Gibbs methodology for polymer systems that does not rely on successful transfers of the chain molecules will be explored. In many applications, one is primarily interested in equilibrium between a phase containing a polymer and a phase that only contains small components. An example of such a case is the sorption and swelling of polymers when contacted with small solutes (such as simple hydrocarbon gases). Frequently, a polymer phase that is initially in a glassy state, swells and changes into a rubbery state on sorption of small components that act as plasticizers. Several separation techniques have been proposed that rely on differences in solubility of a component in a polymer matrix. This type of problem is ideally suited for study using the Gibbs methodology. Only the small species is present in both phases, and therefore only transfers of this component need to be performed. The method would allow the calcalation " of the solubility and changes in the structure of a polymer on sorption from first principles, and would thus be a major advance in the understanding sorption of small solutes in polymers.
c. Task IlL Ionic Systems
We have completed the investigation of the phase coexistence curve and critical point for the restricted primitive model (charged hard spheres of equal diameters) in the previous 5 budget period.
-_ Equilibria involving non-primitive models for electrolytes will be studied during the coming budget period. Potential parameters appropriate for simulations of ionic melts of , 11 M.G. Bawendi and K.F. Freed, '+Systematiccorrections to Flory-Huggins theory: Poly-: mer-solvent-void systems and binary blend-void systems",J. Chem. Phys., 88, 2741 Phys., 88, -56 (1988 .
tz D.N. Theodorou and U.W+Suter, "Detailed molecular structure of a vinyl polymer glass", Macromolecules, 18, 1467 Macromolecules, 18, -1478 Macromolecules, 18, (1985 .
molten alkali halides are available 13. It is easy to incorporate additional forces between the Charged particles (such as soft'core repulsions and van der Waals attractions) in Gibbs simulations in order to obtain realistic models for specific electrolytes. One of the objectives of the phase equilibria calculations in this part of the work will be to determine how the critical points and phase equilibria expected for the restricted primitive model are affected by intermolecular forces present in real electrolytes that are not taken into account in the primitive model. Comparisons with experimental data for liquid-liqaid phase separations Of aqueous electrolyte solutions 14will be made.
An important class of systems that are not adequately described by present theoretical treatments is the thermodynamics of binary mixtures of an ionic and a non-ionic (polar or non-polar) component _. A good model system for these mixtures is the NaOH/H20 system that is believed to have a continuous critical curve connecting the critical point of water to the hypothesized critical point of NaOH _6. Studies of model mixtures of this type will provide for the first time a unified description of phase behavior of a continuous spectrum of systems of character intermediate between fully ionic and fully non-ionic. In addition to phase behavior, the conductance characteristics of the solution will be studied by determining the fraction of the ionic component present in associated (ionpaired) form.
An additional type of equilibria to be studied involves ionic species in the presence of semipermeable membranes (Donnan equilibria), which are of significant interest for understanding processes in living organisms, and in the development of membrane separations for fermentation products. The requirements for accuracy of the calculations in this case are extreme, as small pressure differences are normally associated with this type of equilibria. Of particular importance would be the study of systems with large, multivalent ions (representative of protein molecules). The presence of such species will not result in sampling problems for the transfer step of the Gibbs method, since for membrane equilibria there is no requirement for equality of the chemical potential of the species that are not membrane-permeable.
Theoretical treatments of the Donnan equilibrium problem are 13 A. Baranyai, I. Ruff and R.L. McGreevy, "Monte Carlo simulation of the complete set of molten alkali halides", J. Phys. C: Solid State Phys., 19, 453-465 (1986) .
14 H. Weing/irtner, 'q'hermodynamics of aqueous electrolyte solutions with liquid-liquid phase separation, ', Ber. Bunsenges. Phys. Chem., 93, 1058 -65 (1989 available _7,and will be used for comparisons with the simulation results, lt is hoped that the availability of exact results for these systems will greatly facilitate the further development of theoretical techniques for the description of electrolyte systems.
Personnel needs
It is expected that in the coming budget period, one additional full-time student will be added, in the area of phase equilibria of polymer systems. The proposed budget request for the coming year reflects this fact, and takes into account an expected rollover of funds from the present fiscal period.
Equipment needs
The primary need not presently adequately addressed by existing computing equipment is the ability for rapid visualization of three-dimensional configurations of particles (atoms, molecules or ions). Significant advances in workstation technical capabilities accompanied by substantial improvements in price/performance ratios have been realized in the recent months. The acquisition of a graphics workstation with 3-D visualization capabilities is expected to significantly enhance the computing environment necessary to support the present project. A typical configuration of equipment from a specific vendor is given below. An equivalent model may be substituted at the time of final purchase if better capabilities at a similar cost become available. The proposed configuration has good interfacing capabilities with existing group hardware and software.
17 G. Stell and C.G. Joslin, "The Donnan equilibrium. A theoretical study of the effects of interionic forces" Biophys. J., 50, 855-859 (1986) . 
